Current developments for improving the mechanical properties of metals, including steels, aim at producing nanostructured materials by severe plastic deformation (SPD). [11, 12] To this end, cold-drawn pearlitic-steel wires have been very successful, reaching an ultrahigh tensile strength of up to ca. 7 GPa, [13] making them one of the world's strongest bulk materials. Pearlitic steels are used, for example, in large constructions such as suspension bridges. The high strength is associated with the refinement of the originally lamellar eutectoid body-centered-cubic (bcc) α-Fe (ferrite) + Fe 3 C (cementite) structure of the pearlite, which leads to a nanocomposite that is stabilized by carbon segregation to the α-Fe grain boundaries. [13, 14] With ongoing structure refinement, more and more carbon must be accommodated inside the ferrite due to the dissolution of the cementite. [15, 16] As a consequence, the concentration of carbon in the α-Fe exceeds the equilibrium solubility limit by far. It is generally assumed that a high density of vacancies and dislocations [17] accommodate the excess carbon. [18] [19] [20] [21] A recent study by Taniyama et al., [22] revealed a tetragonal distortion of the ferrite lattice in heavily drawn pearlitic steel, which could be a consequence of the carbon supersaturation of the Fe matrix. Despite many studies on this topic, the accommodation of carbon in ferrite and a possible phase transformation are still controversial.
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Current developments for improving the mechanical properties of metals, including steels, aim at producing nanostructured materials by severe plastic deformation (SPD). [11, 12] To this end, cold-drawn pearlitic-steel wires have been very successful, reaching an ultrahigh tensile strength of up to ca. 7 GPa, [13] making them one of the world's strongest bulk materials. Pearlitic steels are used, for example, in large constructions such as suspension bridges. The high strength is associated with the refinement of the originally lamellar eutectoid body-centered-cubic (bcc) α-Fe (ferrite) + Fe 3 C (cementite) structure of the pearlite, which leads to a nanocomposite that is stabilized by carbon segregation to the α-Fe grain boundaries. [13, 14] With ongoing structure refinement, more and more carbon must be accommodated inside the ferrite due to the dissolution of the cementite. [15, 16] As a consequence, the concentration of carbon in the α-Fe exceeds the equilibrium solubility limit by far. It is generally assumed that a high density of vacancies and dislocations [17] accommodate the excess carbon. [18] [19] [20] [21] A recent study by Taniyama et al., [22] revealed a tetragonal distortion of the ferrite lattice in heavily drawn pearlitic steel, which could be a consequence of the carbon supersaturation of the Fe matrix. Despite many studies on this topic, the accommodation of carbon in ferrite and a possible phase transformation are still controversial.
In this study, we have combined atom-probe tomography (APT) and synchrotron X-ray diffraction (XRD) to study the carbon supersaturation of ferrite for two pearlitic steel-wire compositions -eutectoid and hypereutectoid. Knowledge of the carbon accommodation in the ferrite provides control to design the strength and ductility of nanostructured pearlitic steels. True drawing strains, ε, of 0 to 6.52 were analyzed, exceeding by far the drawing strains studied previously. [22] The two compositions, the high strains, the combination of advanced chemical and structural characterization methods, and a supporting ab-initio-based theoretical description show that a new mechanism of martensite formation is triggered under the extreme deformation conditions that occur in the SPD-induced structural refinement of ultrahigh strength pearlitic steels. Deformation-driven nanoscale phase transformation provides a new way to tailor the mechanical properties of nanostructured steels and steel surfaces.
The synchrotron XRD results of the cold-drawn pearliticsteel wires reveal significant microstructural changes induced by SPD. We focus on the evolution of the diffraction peaks of ferrite with drawing strain rather than on cementite decomposition. The four major diffraction peaks, {110}, {200}, {211} and {220}, of the initial wires are close to those of the undistorted Steel is the dominant structural engineering material with currently more than 1.6 billion tons produced every year. [1] Its enormous success is rooted in its wealth of properties, including ferromagnetism, high stiffness, corrosion resistance, [2, 3] and, most importantly, its outstanding mechanical properties, [4] [5] [6] which can be extensively varied by manipulating the microstructure, making use of phase transformation and metastable phases. Among the various types of steel, plain carbon steels, i.e., Fe-C with minor additional alloying elements, are of a particular interest to the steel industry due to a good balance of properties and price. One of the most important phase transformation to harden plain carbon steels is the formation of martensite, a metastable Fe-C phase, which possesses a bodycentered tetragonal (bct) structure. [7] Since its first observation by Martens using optical microscopy more than a century ago, it is metallurgical knowledge that two conditions must be satisfied to form Fe-C martensite: i) the carbon concentration needs to be sufficiently high, and ii) a rapid cooling of the steel from the high-temperature face-centered-cubic (fcc) austenite regime (γ-Fe) to very low temperatures must be applied. Based on more-recent studies [8, 9] it is understood that martensite can be also mechanically induced from the austenite phase if the latter is retained in a metastable state after the quenching process. Here, we present the surprising discovery that Fe-C martensite can also be formed inside a pearlitic steel, i.e., a ferrite-cementite composite without any austenite, by a new and unexpected route: severe mechanical deformation. [10] CommuniCation bcc α-Fe phase. Noticeably, the {110} and {220} peaks shift to higher diffraction angles, whereas the {200} and {211} peaks slightly shift to lower values. The diffraction peaks were each decomposed into two sub-peaks so that the lattice parameters along the two different axes (a and c axes) could be extracted by applying the Bragg equation for both hypereutectoid and eutectoid wires. The analysis of the XRD ferrite peaks surprisingly reveals a deviation from the bcc lattice (a = b = c) for ε ≥ 2 due to a tetragonal distortion (a = b ≠ c), as shown in Figure 1a . The effect increases with larger drawing strain as shown by the c/a ratio ( Figure 1b ). This observation holds true for both eutectoid and hypereutectoid compositions. Figure 1a reveals three stages in the evolution of the lattice parameter with drawing strain. In the first stage, the ferrite unit cell has a bcc crystal structure where the lattice parameter remains unchanged and is equal to that of pure iron. At ε = 2, the lattice parameter splits into two values corresponding to a tetragonal structure with two different axes a and c. Up to ε = 4, the a-axis shrinks by ca. 0.36%, while the c-axis expands by ca. 0.45%. At even higher strains, the lattice parameter values a and c remain constant within experimental error. Interestingly, the volume of the unit cell of the α-Fe phase remains unchanged during the drawing process although a tetragonal distortion occurs.
To better understand the origin of the observed tetragonal distortion, we revisited published data on the relationship between the distorted lattice parameters and the carbon content. [24, 25] However, rather than using the nominal bulk alloy carbon content, we conducted APT studies to quantitatively determine the fraction of the solute carbon content within the α-Fe grain interiors for wires at several drawing strains. Figure 1c summarizes the measured carbon concentration versus the drawing strain for both nominal compositions. It can be seen that more carbon atoms are released into the ferrite at ε = 5 (0.58 ± 0.11 at%) than at ε = 2 (0.20 ± 0.05 at%), always exceeding the solubility limit of C in the α-Fe lattice.
We find that the drawing process induced a significant increase in the carbon content inside the originally nearcarbon-free ferrite until a steady state is approached at drawing strains larger than ca. 4 for the wires (Figure 1c) . The change of carbon concentration in the ferrite grains during the drawing process is closely related to the tetragonal distortion of the ferrite unit cell. Indeed, the bct structure of ferrite is stabilized in the third stage (ε > 4), which is attributed to the saturation of the carbon concentration in the ferrite grains. We note also that the c/a ratio reaches a steady state in the third stage where c/a = 1.007 ± 0.002. This is an unexpected observation since tetragonal distortion of the ferrite due to solute carbon is usually observed from as-quenched martensite. Hence, the fundamental question arises as to whether severe plastic deformation can produce the same type of distorted phase via a completely different route, i.e., deformation-driven martensite rather than a diffusionless γ-Fe (austenite) → martensite phase transformation.
The literature suggests that the c/a ratio of the as-quenched bct martensite lattice depends on the carbon concentration according to the relationship c/a = 1 + 0.045p, where p is the carbon content in weight percent (wt%). [24, 25] The tetragonal symmetry of an as-quenched martensite lattice is characterized by preferential carbon atom occupation of the octahedral interstitial sites at ½ <100> along one of the three sublattices in the bcc α-iron lattice. [24, 25] Thus, the tetragonal distortion (the c/a ratio) increases with increasing carbon content in the matrix. When using the average value of the c/a ratio from our current XRD data observed in the third stage, this translates to a carbon concentration of 0.16 wt% causing the distortion, which is in good agreement with the APT data of 0.12 wt% C and 0.14 wt% C for the eutectoid and hypereutectoid wires, respectively ( Figure 1c ). This is consistent with previous studies reporting a supersaturation of carbon atoms in ferrite, [26] [27] [28] however, without noticing its tetragonal distortion. The XRD and APT results thus bring up the surprising question as to whether the martensite could have formed by the severe deformation alone without any preceding heat treatment and quenching. The difference between a bcc and bct (martensite) crystal structure is the thermodynamic preference for ordering of carbon atoms within one interstitial sublattice of bcc. Zener pointed out that an indirect, straininduced interaction between the carbon atoms causes this spontaneous ordering. [29] Based on Zener's work, Kurdjumov and Khachaturyan [24] developed a model for the order-disorder transition using microscopic elasticity theory (MET). However, the mechanically driven bcc-bct transition observed in our work cannot be explained by Khachaturyan's model (Figure 2) , which is a thermodynamic concept that neglects the severe strains and strain inhomogeneity present in the wire.
We have therefore developed an approach that can also take into account lattice strainswhich are caused by the externally applied strain (first order residual strains) or microstructural strain of second or third order. As shown in Figure 2 by the red line, the critical transition temperature at zero applied strain obtained from our new approach follows a similar trend as the MET model from Kurdjumov and Khachaturyan [24] and slightly extends the stability region of martensite, now matching the experimental data point for as-quenched martensite. [31, 30] However, without any lattice strain, the deformation-induced martensite (blue dots) cannot be explained. As shown in Figure 2 , even a small elastic lattice strain of 0.2% largely stabilizes the ordering of the carbon atoms in one of the octahedral sublattices, resulting in a significant upward shift of the transition temperature (blue line), moving all the experimental data points into the ordered stability regime, hence, confirming the experimental observations. While an exact determination of the elastic strain during wire drawing is not possible due to the highly complex geometry and microstructure, elastic strains up to 1% seem realistic. This can be estimated by noting that the total elastic strain applied by the wire drawing machine is ε = σ/E, where E is the Young's modulus and σ the yield stress. Since the Young's modulus is about 210 GPa and the yield stresses are 2-4 GPa, the total elastic strains (external as well as microstructural strain of second or third order) can reach values of 1-2%.
According to our findings two conditions must be fulfilled to create deformation-induced martensite: i) the bcc α-Fe must get supersaturated with carbon, and ii) sufficient lattice strains need to be present. The origin of the carbon supersaturation is closely linked to the deformation-driven cementite decomposition resolved in our study, as well as in several previous The red square corresponds to the only available experimental data point for an as-quenched martensitic transformation. [30] The blue dots represent C concentrations of the tetragonally distorted martensite measured in this work. The dashed line represents the order-disorder transformation predicted by means of microscopic elasticity theory (MET). [24] Figure 3. Comparison of results with literature data. The lattice parameters a and c of conventional as-quenched martensite with different nominal (i.e., global) alloy carbon content (cross symbols and solid lines) taken from the literature, [24, 25] plotted together with the ferrite phase of the current heavily drawn wires at different true strains (C content) as determined in this study. Our data (open and filled symbols) extend the as-quenched martensite data [24, 25] to lower C contents, indicating that wire drawing induces a martensite-like tetragonal distortion of the initial bcc Fe phase. A magnified plot of our data is shown in the inset. a M,Fe refers to the lattice parameter of martensite in carbon-free iron at room temperature, which is equivalent to the lattice parameter of ferrite. [38] The asterisk * on the abscissa axis has been added to underline the difference between the carbon content of the present study, which is measured by APT in the ferrite grain interiors, and the data taken from literature, which refer to the nominal alloy carbon content.
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observations. [32] [33] [34] The decomposition of cementite is triggered by dislocations dragging carbon atoms out of the decomposing cementite due to a high binding energy between both (0.8 eV). [35] This results in a carbon-supersaturated Fe matrix and segregation of carbon atoms to grain boundaries stabilizing the nanosized Fe grain structure. [13, 14, 32, 36] For the same samples, Li el al. reported a transition from a lamellar pearlite to a nanocrystalline microstructure during wire drawing at very high drawing strains. [13] The refinement in grain size leads to an increase in tensile strength following the Hall-Petch law. In contrast, the present study focuses on the accommodation of C in the Fe matrix. The tetragonality may contribute to the strength but as the wires approach the theoretical strength of steel, we believe that the nanoscale grain size is the strengthcontrolling mechanism. However, the loss in ductility may be triggered by the Fe-C martensite, which is known to be a brittle phase.
We also verified that the classical path of forming martensite by quenching from the austenite region can be excluded in our study. Although friction and plastic deformation during SPD may lead to temperature increases of up to 200 °C, no indication of austenite formation has ever been detected. In the case that local heating would have led to austenite formation, it would be unexpected that all the γ-Fe is transformed into martensite. This hypothesis can be excluded since, in the numerous SPD experiments on pearlitic steel, no retaining austenite has been observed. We can also exclude that a reverse transformation of ferrite to austenite, as reported by MacLaren et al., [37] occurred in our sample, since no austenite was detected by XRD and transmission electron microscopy (TEM) (see Figure S2 and S3, Supporting Information) Finally, we note that the structural parameters of the deformation-induced and the transformation-induced martensite are consistent. In Figure 3 , we therefore compare the lattice parameters of martensite from the various studies compared with our current data. [24, 25, 38] The bct lattice parameters and carbon contents measured for our severely deformed wires fit with extrapolated lattice parameters of quenched-in martensite determined by Kurdjumov and Khachaturyan. [24] An even better agreement is obtained when extrapolating the data of Roberts. [25] These observations exhibit again a clear signature of the spontaneous ordering of carbon atoms on the octahedral interstitial sites, causing the ferrite unit cell to be tetragonally distorted.
In conclusion, the concept of deformation induced Fe-C martensite is general. It requires decomposition of a carbonrich phase (like cementite), and deformation-induced carbon supersaturation of the initial bcc Fe matrix. This may be most easily achieved for pearlitic steels, but may also occur for severely deformed Bainite steels. However, for pearlitic steels, it is well known that the interlamellar spacing has a significant effect on cementite dissolution and the tensile strength of drawn wires. [39] In summary, our findings reveal that cold-drawing of pearlitic steel wires leads to a carbon-supersaturated ferrite causing a spontaneous tetrag onal distortion of the ferrite unit cell through a straininduced deformation driven martensitic transformation. This hitherto unknown mechanism can be beneficial by increasing the strength of steels, but may also become detrimental when the deformation-induced martensite reduces the ductility and thus enhances crack initiation. An example would be pearlitic steels exposed to extreme deformations, such as in the contact region of railway tracks and wheels. Knowing this mechanism is crucial to overcome such failure mechanisms.
Experimental Section
The samples studied in this work are pearlitic steel wires of two types of composition: a eutectoid composition with 0.8 wt% C (provided by Nippon Steel Corporation) and a hypereutectoid composition with 0.98 wt% C (provided by Suzuki Metal Industry Co., Ltd). The complete chemical composition of the samples can be found in the Supporting Information. The samples were cold-drawn at different strains up to true drawing strains of ε = 5.5 and ε = 6.52 for the eutectoid steel and the hypereutectoid steel, respectively. The wire diameters range from 1.7 mm down to 0.058 mm for the eutectoid steel and from 0.54 mm down to 0.02 mm for the hypereutectoid steel. The highest total wire drawing strain (ε = 6.52) leads to a very high tensile strength of 7 GPa. [13] 
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